Surface-plasmon polaritons (SPPs) are propagating electromagnetic modes bound at a metal-dielectric interface. We report on electrical generation of SPPs by reproducing the analogue in the near field of the slit-doublet experiment, in a device which includes all the building blocks required for a fully integrated plasmonic active source: an electrical generator of SPPs, a coupler, and a passive metallic waveguide. SPPs are generated upon injection of electrical current, and they are then launched at the edges of a passive metallic strip. The interference fringes arising from the plasmonic standing wave on the surface of the metallic strip are unambiguously detected with apertureless near-field scanning optical microscopy. DOI: 10.1103/PhysRevLett.104.226806 PACS numbers: 73.20.Mf, 42.55.Px, 42.60.Da, 78.66.Àw Recent interest in surface-plasmon polaritons (SPPs) stems from promising applications, such as integrated plasmonics [1] and nanosensing [2, 3] . Integrated plasmonics is expected to provide a technology capable of confining light over extreme subwavelength dimensions, thus bridging fast-but diffraction-limited-photonics and highly integrated electronics [4] . A fundamental issue still not completely solved is how to efficiently generate and launch SPPs into passive plasmonic waveguides [5] . This is generally achieved by coupling light from free space or from conventional optical waveguides into plasmonic structures, for instance by prism-coupling, fiber coupling, or-very recently-using nonlinear four-wave mixing [6] . A compact electrical source capable of generating SPPs onto passive components would represent a crucial step, for instance as building-block for plasmonic circuitry and interconnections.
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Here, we demonstrate an electrically injected semiconductor SPP laser source. Periodically patterning the top metallic contact of a midinfrared quantum cascade laser (QCL) allows us to couple the electromagnetic wave propagating at the semiconductor-metal interface with that of the metal-air interface. The SPPs at the top air-metal interface profits from the optical gain experienced by the SPP on the other semiconductor side [7] . We are then able to launch them-in counterpropagating directions-into a passive section (a metallic strip). This is essentially the electrical analogue of the slit-doublet experiment recently revisited in the near field [8, 9] . Importantly, for efficient injection of SPPs into the passive section, the SPP wave vectors must be matched, and this is the role of the integrated grating couplers, as schematized in Fig. 1(a) . The device includes the three basic components required for a fully integrated plasmonic component: an electrical generator of SPPs, a coupler, and a passive metallic waveguide. This is demonstrated here for a device operating at laser ¼ 40 THz ( ¼ 7:5 m). We show-by characterizing the device with an apertureless near-field scanning optical microscope (a-NSOM)-that SPPs are injected into the passive section only when the grating coupler is present.
The semiconductor samples (InP238) [10] are surfaceplasmon QCLs [11] designed for nominal emission at ¼ 7:5 m. The devices were fabricated into 22-m-wide, 4-m-deep mesa ridges, whose top, gold metallic surface is patterned via electron-beam lithography followed by liftoff [Figs. 1(c)]. More details can be found in the supplemental material [12] .
The active parts of the device are the two 1st order distributed feedback (DFB) laser sections [ Fig. 1(a) ], which make use of an air-metal top grating to achieve distributed feedback, as described in [7] . In order to achieve laser action, the 50%-duty-cycle grating stop band is overlapped with the active material optical gain by carefully tuning the grating period Ã, which ranges from 1:176 to 1:224 m. In these sections, standing electromagnetic waves of frequency laser ¼ c= are present with a momentum laser ¼ ð2=Þn eff ¼ =Ã, where n eff is the effective index of the lasing mode, is the free-space wavelength, and c is the speed of light in vacuum [ Fig. 1(b) , continuous blue curve and inset]. The passive part of the device is a metallic strip of length L strip and thickness 80 nm, well above the gold skin depth at ¼ 7:5 m, which is %10 nm. L strip was set to 50 times the DFB grating period (L strip ¼ 50Ã). It is long enough to contain a few times the wavelength of a 40 THz SPP wave propagating on the strip metallic top surface, as in the slit-doublet experiment, in order to allow clear interference fringes observation. Note that in our frequency range the SPP dispersion yields spp % , as it is very close to the light line [ Fig. 1(b) ]. Furthermore, the SPP decay length at midinfrared wavelengths is much longer than the strip length. For instance, using the com-plex dielectric function for gold at % 8 m [13] , an estimate yields
where spp is the SPP attenuation coefficient. Note that in Ref. [14] , where excitation of SPPs was demonstrated in a system based on organic light-emitting diodes, the propagation length was only 2 m, due to the gigantic Ohmic losses at % 700 nm. Furthermore, the semiconductorbased approach presented in this Letter is advantageous since the large optical gains typical of semiconductor lasers can be exploited. The propagation constant of SPPs traveling on the metallic strip is spp ¼ 2= spp % 2= [ Fig. 1(b) ]. For efficient injection of SPPs into the passive section, the two different momenta-laser and spp -must be matched: it is the role of the integrated grating couplers [ Fig. 1(a) ]. They are 5-period 50%-dutycycle gratings, whose period Ã C satisfies the matching relation:
[see scheme in Fig Figure 2(a) shows the measured laser output collected from one of the two cleaved facets of a typical device as a function of the injection current at room temperature (RT, 300 K). Lasing is obtained at a threshold current density of 5:5 kA=cm 2 . The emission spectrum [ Fig. 2(a) , inset] exhibits a single mode emission at % 1320 cm À1 , and therefore its normalized emission frequency is Ã= ¼ 0:158. This allows us to identify the lasing mode as the one at the higher energy of the photonic band edge [see PRL Fig. 2(b) [7] . We have characterized the EM near-field distribution on various regions of the nanostructured metal top surface of the device. All the near-field maps are obtained using a home-built midinfrared a-NSOM [15] similarly to previous studies of QCLs [16] . The images are obtained by demodulating the optical signal at the second harmonic of the atomic force microscope (AFM) tip oscillation frequency (details in supplemental material [12] ). A comprehensive experimental and theoretical study of the EM field distribution in QC lasers with metallic DFB gratings has been presented in Ref. [10] . The presence of an (evanescent) electric field detected on top of the metallic fingers confirms that lasing is achieved on a hybrid SPP mode: on the semiconductor side it profits from the active-region optical gain, while it leaks through the grating on top of the device surface. Figure 3 reports the core result of the Letter. Two devices, one without (reference device, left panels), and with (SPP device, right panels) grating couplers, are studied. Panels (a) and (b) show their schematic cross sections. Panels (c) and (d) show AFM images of their top surfaces. The AFM images cover the passive sections-the 60-m-long metallic strip-and also portions of the gratings, which are clearly visible at the left and right edges of the scans. The a-NSOM signal-i.e., the EM near field-is acquired simultaneously with the AFM images with the devices in operation. The results [panels (e) and (f)] show that-while an a-NSOM signal is present on the grating surfaces in both cases-only the SPP devices present interference fringes which can be clearly distinguished on the metallic strip. The fringes stem from counterpropagating SPP excitations which travel on the surface of the metallic strip, with opposite wave vectors þ spp and À spp . Their presence proves that SPPs are generated and launched into the metallic waveguide. Furthermore, their absence in the reference device without couplers confirms that no light tunneling is possible through the top metallization.
Additional important information is the wavelength spp of the plasmonic wave propagating on the passive metallic strip. Its value is experimentally measured by taking a 1D section of the a-NSOM and AFM signals in the center of the device. Figure 4(a) reports such a section, in correspondence of the white dashed line in Fig. 3(f) . The topographic signal (green dotted curve) permits us to cor- 
FIG. 4 (color online). (a)
Intensity of the EM near field (a-NSOM signal) at the device top surface. The measured data (black curve) correspond to a 1D cross-section taken in correspondence of the dashed white line in Fig. 3(f) . The numerical simulation (dark gray curve) is a 1D cross-section of Fig. 4 (b) taken 100 nm above the metallic top-surface. The topographic signal (dotted green curve) allows one to correlate the EM near field with the top metallization. The standing wave on top of the passive metallic strip exhibits a clearly different periodicity with respect to the other portions of the device. In particular, the measurement yields spp % 7:8 m, in excellent agreement with both the measured emission wavelength of the DFB laser portions and with the simulations. (b) 2D numerical simulation performed within a finite-element approach (details in supplemental material [12] ). The color plot shows the electric field squared modulus jEj 2 (arbitrary units) in logarithmic scale.
relate the a-NSOM one (black curve) with the surface metallization. The experimental data are in very good agreement with the simulations obtained within a finiteelement approach (dark gray curve), which confirm that the couplers are crucial in order to inject the SPP wave into the passive waveguide. A sinusoidal fit of the near field onto the metallic strip yields a period of 3:89 m, which corresponds to spp % 7:78 m. (Note: the a-NSOM signal in this region is proportional to the intensity, jE near-field j 2 .) This value is in good agreement with the wavelength measured in the far field [ Fig. 2(a) , inset]. This result further confirms the passive character of the metallic strip. If the detected evanescent field originated from light tunneling through the metal, its periodicity would reflect the light wavelength inside the laser and would yield =ð2n eff Þ. This value is instead correctly measured in correspondence of the DFB regions, and it yields an estimate of n eff ¼ 3:15, in good agreement with the calculated effective index of the laser waveguide mode.
Note that the near-field signal is perturbed in correspondence of the couplers. This subtle effect-thoroughly discussed in supplemental material [12] -originates from coherent interference between the field radiated by the tip and the background field, which reaches the detector even in the absence of the tip. The measurements indicate therefore that a certain amount of background scattering is present at the junctions between the DFB grating and the passive sections.
Finally, two aspects deserve to be mentioned, although they are beyond the scope of this article: the coupling efficiency and the role of quasicylindrical waves (quasi-CW) [17] . The former aspect-the ratio between the power flux in the near field and the one impinging onto the coupler-becomes important when studying, for instance, a plasmonic circuit comprising an integrated source. This is part of the perspectives of this work, and will be tackled by optimizing the grating couplers. Initial theoretical results indicate that optimization of the coupler's parameters can lead to coupling efficiencies of a few percents. The role of cylindrical waves is a more complex issue. It has been shown that surface waves scattered by 2D slits in metallic surfaces include a contribution from SPP waves, but also from quasi-CW waves [8] . These are rapidly decaying waves with a free-space propagation constant, but bound to the metallic surface. In particular, SPPs and quasi-CWs tend to blend at long wavelengths, given the spatially extended character of SPPs. However, this has not prevented the use of ''plasmonic'' effects for the implementation of advanced device functionalities such as plasmonic collimators [18] and plasmonic polarizers [19] . The complex nature of the waves generated by our device can be seen in Fig. 4(b) , which shows a 2D numerical simulation of a longitudinal cross section of the device. Note, in particular, the large spatial extension-as expected-of the surface waves above the central metallic strip. Our system can in fact be particularly valuable to elucidate the electromagnetic properties of metallic surfaces at long wavelengths, where the excitation of surface waves by optical means is highly inefficient [17] .
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